Photoionization cross section σnκ, asymmetry parameter βnκ, and polarization parameters ξnκ, ηnκ, ζnκ of Xe and Rn are calculated in the fully relativistic formalism. To deal with the relativistic and correlation effects, we adopt the relativistic random-phase theory with channel couplings among different subshells. Energy ranges for giant d -resonance regions are especially considered.
I. INTRODUCTION
Photoionization is of crucial importance in understanding atomic structures as well as in astrophysical modeling. Electron correlations and relativistic effects may be analyzed through the study of photoionization processes. It is of particular interest to study high-Z atoms for relativistic effects [1] [2] [3] [4] [5] [6] . Direct results arising from relativistic effects are its influences on subshell cross sections, branching ratios, photoelectron angular distributions, and spin polarizations. Previous studies using the relativistic random-phase theory (RRPT) [1] [2] [3] [4] [5] [6] [7] [8] also shows that electron-electron correlations play a crucial role in understanding photoionization processes of atomic systems.
Previous studies mainly focus on the cross sections and angular distributions, and less attention was paid to the spin polarizations. The cross sections and angular distributions of Xe and Rn have been carefully studied for both dipole and quadrapole cases. Theoretical works have been done in the Hatree-Fock-Slater theory, nonrelativistic and relativistic random-phase theory, and timedependent density functional theory [7] [8] [9] [10] [11] [12] . These are also investigated experimentally in the previous studies [13] [14] [15] [16] [17] . However, a complete analysis of photoionization requires spin polarizations of photoelectrons. The observations of spin polarizations of photoelectrons shall provide us sensitive investigations of relativistic effects as well as interchannel couplings [18] .
In recent years, Cherepkov and coauthers have studied spin polarizations of photoelectrons [19] [20] [21] [22] and compared with experiment [23] . Cherepkov's work are performed in the nonrelativistic random-phase theory. In this work, we have carried out an analyze on spin polarizations of photoelectrons in the fully relativistic RRPT formalism.
Recently, there are great interests in producing spinpolarized electrons, which are essential for ingredients of spin current in the spintronics field [24] that is efficient in controlling device, with low power consumption and thus promising to act as an effective alternative to conventional electronics. The spin polarizations of the photoelectrons may be affected by phase-shift effects during the optical transition and during the transport through the solid [25] . It is thus important to cross-compare results of spin-resolved photoelectrons from the gas phase of free atoms with spin-and angle-resolved photoemission of condensed matter system. Therefore, due to the promising field of spintronics that may become an alternative to electronics by using spin current for several advantages, the understanding of spin polarization is important and has potential in applications nowadays. This work can fill in this gap and give us guidance to the production of spin polarization through circularly polarized, linearly polarized, or even unpolarized light. These can all be parameterized by three dynamical parameters ξ nκ , η nκ and ζ nκ .
Moreover, liquid detectors based on noble gas elements have been widely applied to detect energetic particles in nuclear and elementary-particle physics. Among them, liquid Xe detectors are predominantly used in recent renewed dark-matter detection and neutrinoless doublebeta decay experiments [26] [27] [28] [29] [30] . These liquid detectors, which collect signals through ionization processes, are closely related to the photoionization of Xe. Therefore, to better understand the detector response, the interplay between atomic, nuclear, and elementary-particle physics are indispensable. We wish our study on photoionization of Xe and Rn can shed new lights in this area.
II. THEORETICAL TREATMENT

A. Cross Section
The basic transition matrix of photoionization process has the form [18] ,
where ψ i and ψ f are the initial and final state, respectively. The incident photon has the momentum k and polarizationε; the outgoing photoelectron has the momentum k α and energy E α , where the subscript α is the channel index introduced for later convenient. The final state ψ f of the photoelectron and residual ion is normalized such that the differential cross section is given by
The perturbing field can be expanded in a sum of electric and magnetic multipole terms v λ Jm
where the number J corresponds to the 2 J -pole transitions, and λ represent the type of transition (λ = E, M stands for the electric transition and magnetic transition respectively). Using the Wigner-Eckart theorem, we can decompose the irreducible tensor operator v λ Jm into reduced matrix elements
Here we have use the index α to label the ionization channel α = (nκ) → (ε α κ α ). The angular momentum of bound state (nκ) and continuum state (ε α κ α ) electron are denote as J 0 , m 0 and J α , m α . The symbol D α (λJ) denote the reduced matrix elements for electric and magnetic 2 J -pole transitions. When summing over contributions of transition type as well as all multipole terms v λ Jm , the total photoionization cross section for state (nκ) can be expressed as [18] :
The reduced matrix elements D α (EJ) and D α (M J) for electric 2 J -pole transitions and magnetic 2 J -pole transitions are defined in reference [18] . In the electric-dipole approximation, only D α (E1) terms contribute; therefore to represent the reduced dipole amplitudes, we can use a shorthand notation
where J α is the total angular momentum of continuum state electron in channel α.
B. Angular Distribution and Spin Polarization
Under the electric-dipole approximation, the differential cross section and spin polarization of photoelectrons ejected by arbitrarily polarized light are given by [18] . We present here only the special cases of circular, linear, and unpolarized light:
(i) circular polarized light
(ii) linear polarized light
The coordinate systems adopted are as follows. The Z axis of the fixed system at the target is chosen along the direction of incoming photon, and the X axis in any convenient direction. The rotated coordinate system xyz is obtained from XY Z through Euler angles (φ, θ, 0) as shown in Fig. 1 . The angleφ in formulas (12) (13) (14) (15) (16) denote the relative azimuthal angle of photoelectron direction with respect to the linear polarization vector. More general formulas on angular distributions and spin-polarizations of photoelectrons including electric and magnetic multipole transitions are shown in Appendix.
The spin-polarization formulas presented above allow us to use dynamical parameters to describe a complete spin-polarization distribution. The spin polarization of the total photoelectron flux is given by P X = P Y = 0 and P Z = δ nκ S 3 , where δ nκ is the polarization parameter defined as The target electron with initial angular momentum J 0 = j to be excited to continuum states with angular momenta J α = j − 1, j, and j + 1 can be designated by three reduced dipole amplitudes D j−1 , D j , and D j+1 , respectively. Then the subshell cross section can be expressed as
The dynamical parameters for a closed-shell are given by
The parameter δ nκ for the total spin polarization is given by (i) l = j + 1/2
(ii) l = j − 1/2
In addition to subshell cross sections σ nκ discussed in the previous subsection, the angular distribution and spin polarization can provide rigorous tests for electron correlations. From equations (23)- (28), it is obvious that the relative phase shifts are taken into account in dynamical parameters β nκ , ξ nκ , η nκ , ζ nκ , and δ nκ and therefore can be observed experimentally in angular-distribution and spin-polarization tests.
C. Channels Included
To analyse channel couplings among different subshells, we have employed a 18-channel calculation in this work, not only consider the allowed open channels in the giant d -resonance region, but also include several closed inner-shell channels.
The basic 13 channels allowed in the giant d -resonance region we consider are
where n = 5 for Xe and n = 6 for Rn. We also include the following inner-channel contributions:
These 5 channels, together with the above 13 channels, form the 18 relativistic channels in the context.
III. RESULTS AND DISCUSSIONS
In this section, we list our results on photoionization processes of Xe and Rn, carefully analyzing the total cross sections, subsection cross sections, subshell angular distributions and spin polarizations in the giant dresonance region.
The total photoionization cross sections of the Xe and Rn atoms are shown in Fig. 2 . Results calculated through the RRPT formalism with 18-channel couplings and those from from NIST FFAST database [32, 33] , which are calculated in a Dirac-Hatree-Fock method by Chantler et al., are displayed in the figure respectively as solid and dashed lines, along with experimental results synthesised by Henke et al. [31] . In the case of Xe, experimental results from Samson and Stolte [16] , Suzuki and Saito are also listed [17] in the figure. From this figure, it is obvious that RRPT results fit better with experiment than those of NIST FFAST datebase, indicating that random-phase correlations play a dominant role in the giant d -resonance region. In the energy region between the (n−1)d 3/2 and (n−1)d 5/2 thresholds, 71-74 eV for Xe and 52-59 eV for Rn, there exist many resonance states which should be treated with the quantum-defect
To analyze the channel coupling effects in the giant dresonance region, we plot the subshell cross sections σ nκ for (n − 1)d 3/2 and (n − 1)d 5/2 in Fig. 3 , where n = 5 for Xe and n = 6 for Rn, and vertical arrows have been used to label the corresponding photoionization thresholds. We compare our results from RRPT calculated with 18-channel couplings and experimental data from Becker et al. [15] , and there are some discrepancies. The branch ratios for Xe and Rn are also depicted in the figure. An interesting phenomenon from the picture is that, for subshell cross section σ nκ for (n − 1)d 5/2 orbital, in addition to the giant d -resonance, exhibits is a small interference peak at lower energy, while σ nκ for (n − 1)d 3/2 orbital does not show this small resonance, making a large variation in the branch ratio in this region. This is mainly due to interchannel couplings mentioned earlier:
which was first studied by Amusia et al. [34] and later discussed by Kumar et al. and Govil et al. for Xe and Rn [12, 35] . These interchannel couplings makes cross sections of (n − 1)d 5/2 appear to have a kink near the photoionization threshold, while cross sections of (n − 1)d 3/2 are not influenced much by these interchannel couplings. Moreover, the interchannel couplings influence the (n − 1)d 5/2 cross section more for Rn than that of Xe. Previous results from Kumar et al. and Govil et al. only include several channels in the electricdipole approximation. Our results, which are calculated in RRPT with 18-channel couplings, demonstrate that these resonant kinks still visible when we include more interchannel couplings
The subshell asymmetry parameters β nκ calculated in RRPT with 18-channel couplings are given in Fig. 4 . The vertical arrows are used to label the photoionization thresholds of (n − 1)d 3/2 and (n − 1)d 5/2 as in Fig. 3 . We find that, in contrast to cross sections, interchannel couplings do not affect much angular distributions of (n − 1)d 3/2 and (n − 1)d 5/2 orbitals near the photoionization thresholds, both in cases of Xe and Rn. However, interchannel couplings affect angular distributions of np 1/2 greatly, giving rise to some structures near photoionization thresholds of (n − 1)d 3/2 and (n − 1)d 5/2 .
The subshell polarization parameters ξ nκ , η nκ , ζ nκ and subshell total polarization parameters δ nκ calculated in RRPT with 18-channel couplings have been displayed in Figs. 5-8. In these cases, we find that for parameters ξ nκ , ζ nκ and δ nκ , the interchannel couplings affect spin polarizations of (n − 1)d 5/2 , causing the appearance of a kink structure near the photoionization thresholds of (n − 1)d 3/2 and (n − 1)d 5/2 , especially in the cases of Xe. In addition, polarization parameters η nκ and ζ nκ for np 1/2 also exhibit similar structures near photoionization thresholds, especially in the cases of Rn. In the nonrelativistic limit, all the polarization parameters are zero for these orbitals, while in the relativistic cases, spin-orbit couplings generally make the splitting between orbitals with parallel and antiparallel spin, and these are exactly what we have seen in Figs. 5-8. Another interesting phenomenon is that, in most of the energy region of giant d -resonance, polarization parameters ξ nκ and ζ nκ for orbitals with parallel spin, namely np 3/2 and (n − 1)d 5/2 , are less than those with antiparallel spin, np 1/2 and (n − 1)d 3/2 , while polarization parameters δ nκ for orbitals with parallel spin are larger than those with antiparallel spin.
Moreover, one can average over orbitals with parallel and antiparallel spin to get the average polarization parameters ξ nl , η nl , ζ nl and average total polarization parameter δ nl . For example, we have
In Figs. 9 and 10, we give average polarization parameters ξ nl , η nl , ζ nl and δ nl for (n − 1)d and np shell of Xe and Rn. In the nonrelativistic limit, the polarization parameters ξ nl , η nl , ζ nl and δ nl for closed shells all vanish to zero in the electric-dipole approximation. While in the relativistic case, we get nonzero value of average for all kinds of polarization parameters, as shown in Figs. 9 and 10. For (n − 1)d shells, all polarization parameters deviate largely from zero near the ionization threshold, while for np shells, polarization parameters ξ nl , η nl , and δ nl deviate obviously from zero when photon energy is larger. It is worth noting that, similar to the cases of subshell orbitals, there are also some resonant kink and peak structure for average polarization parameters near the ionization threshold, due to interchannel couplings.
IV. CONCLUSION
We have carried out a systematic analysis of photoionization processes for Xe and Rn in the fully relativistic RRPT formalism in this paper. The total cross sections σ, subshell cross sections σ nκ , asymmetry parameters β nκ and polarization parameters ξ nκ , η nκ , ζ nκ , δ nκ have been analyzed carefully, especially in the giant d -resonance region. Our results of total cross sections σ perfectly match with the experimental results from X-ray and synchrotron radiation source. For subshell cross sections σ nκ , the interchannel couplings makes (n−1)d 5/2 exhibits a resonance kink near the photoionization thresholds, especially in the cases of Rn. For angular distributions, asymmetry parameters of np 1/2 were affected by channel couplings and exhibit similar structures, especially for Rn. For spin polarizations, interchannels couplings influence 4d 5/2 of Xe and 6s 1/2 of Rn greatly, making the appearance of some structures in polarization pa-rameters near photoionization thresholds. For average polarization parameters ξ nκ , η nκ , ζ nκ and average total polarization parameters δ nκ of (n − 1)d and np shells of Xe and Rn, we get non-zero value even in the electricdipole approximation.
Of all the aspects discussed above, the total cross sections σ and subshell cross sections σ nκ have been widely studied, both theoretically and experimentally. For asymmetry parameters β nκ , only a small group of researches focus on this issue, most of them are studied theoretically. For polarization parameters ξ nκ , η nκ , ζ nκ , and δ nκ , our knowledge are extremely insufficient. However, because of the rapid development of spintronics, the spin polarizations will play an increasingly significant role in the near future. We wish that the next-generation experiments will measure the angular distribution as well as spin polarization of photoelectrons and therefore provide a more complete analysis for the photoionization processes.
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where the angular distribution function is , β 1l , ξ 2l , ξ 3l , η 0l , η 2l , ζ 2l , ζ 3l . Among them, β 0l and β 1l are asymmetry parameters related to angular distributions of photoelectrons, while ξ 2l , ξ 3l , η 0l , η 2l , ζ 2l , and ζ 3l are polarization parameters related to the spin polarizations of photoelectrons in xyz axis.
Moreover, the spin polarization of total photoelectron flux in the coordinate system XY Z are given by
where the total polarization parameter is defined as
Under the electric dipole approximation, only eight dynamical parameters survive, i.e., σ, β 02 , β 12 , ξ 22 , ξ 31 , η 02 , η 22 , and ζ 31 . They reduce to the dynamical parameters σ, β, ξ, η, and ζ in (21)-(26) via σ → σ (A9)
Similarly, the total polarization parameter δ 31 and δ are related as
Moreover, under electric-dipole approximation, the angular distributions and spin polarizations (A1)-(A5) reduce to the formulas in pervious subsection II B.
